Introduction
Although ionizing radiation is an essential part of the clinical oncologist's armamentarium, conferring relief and sometimes cure from otherwise untreatable neoplasia, the molecular mechanisms through which ionizing radiation kills tumor cells are only partially understood.
Thus, it is an ongoing controversy through which extent distinct cell death modalities such as apoptosis and mitotic cell death contribute to radiation-induced cancer cell death (Gudkov and Komarova, 2003; Prise et al., 2005) . This controversy is part of a long-standing discussion to which extent apoptosis and other cell death types contribute to the anticancer treatment response (Brown and Attardi, 2005) . In mouse models of lymphoma, some evidence has been presented that senescence, not apoptosis, would determine the longterm survival of animals subjected to chemotherapy (Schmitt, 2003; Lowe et al., 2004) .
'Apoptosis' is a type of cell death that is accompanied by rounding-up of the cell, retraction of pseudopodes, reduction of cellular volume (pyknosis), condensation of the chromatin, fragmentation of the nucleus (karyorhexis), little or no ultrastructural modification of cytoplasmic organelles, plasma membrane blebbing and maintenance of an intact plasma membrane until late stages of the process . At the biochemical level, apoptosis is characterized by a stereotyped accumulation of biochemical changes, in particular mitochondrial outer membrane permeabilization (that is regulated by proteins from the Bcl-2 family including the proapoptotic protein Bax) coupled to the activation of a specific class of cystein proteases cleaving after Asp residues, the caspases (Adams, 2003; Danial and Korsmeyer, 2004; Green and Kroemer, 2004) . Caspase activation has been frequently viewed as practically synonymous with apoptotic cell death. However, inhibition of caspases often has a limited cytoprotective effect, at least in human cells dying after stimulation of the intrinsic pathways of apoptosis (Kroemer and Martin, 2005) . In a number of different paradigms, caspase inhibition does not maintain cellular viability, although caspase activation may be required for the acquisition of the apoptotic morphology. Thus, caspase inhibition can shift the morphology of death from apoptosis to non-apoptotic pathways (Hirsch et al., 1997; Golstein and Kroemer, 2005) . Caspase inhibition can only inhibit cell death when death is induced through the extrinsic pathway (which is induced by crosslinking of the so-called death receptors). In this case, caspases-8 or -10 are recruited to the so-called death-inducing signaling complex and activated upstream of mitochondria. In the so-called type 2 cells, caspase-8 (or -10) then induces mitochondrial membrane permeabilization through the proteolytic activation of the proapoptotic Bcl-2 family protein Bid, and this mitochondrial permeabilization event is required for the subsequent activation of the downstream effector caspase-3, -6 and -7. In the so-called type 1 cells, massive activation of caspase-8 (or -10) is sufficient to stimulate the activation of effector caspases (Igney and Krammer, 2002; Schulze-Bergkamen and Krammer, 2004) . However, as mentioned above, mitochondrial membrane permeabilization mostly occurs in a largely caspase-independent manner. This is the case in the so-called intrinsic pathway that is induced by organellar stress including DNA damage induced by ionizing irradiation.
Apoptosis may occur immediately after irradiation, as an interphase death ('fast apoptosis'), after G2 arrest, or after one or several cell divisions ('late apoptosis') (Cohen-Jonathan et al., 1999) . Although some studies have correlated the apoptotic response with radiosensitivity (Olive and Durand, 1997) , others have failed to do so (Hendry and West, 1997; Kyprianou et al., 1997; Roninson et al., 2001) .
'Mitotic catastrophe' or 'mitotic cell death' is a cell death caused by altered mitoses and/or irreparable chromosome damage. This type of cell death occurs during or shortly after a dysregulated or failed mitosis and can be accompanied by morphological alterations such as micronuclei (MN) (which often are chromosomes or chromosome fragments that have not been distributed evenly between the daughter nuclei and are encapsulated in nuclear membranes) and multinucleation (the presence of two or more nuclei with similar or heterogeneous sizes, resulting from deficient separation during cytokinesis) (Roninson et al., 2001; Castedo et al., 2004a; Okada and Mak, 2004) . Ionizing radiation can indeed induce the development of micronucleated cells (Muller et al., 1995) as well as that of giant, multinuclear cells (Olive and Durand, 1997; Bulavin et al., 1999) . Although several authors have reported a good inverse correlation between the formation of MN and clonogenic survival (Muller et al., 1995; Mariya et al., 1997) , others have failed to show such a correlation (Bush and McMillan, 1993; Guo et al., 1998) .
The relation between radiation-induced death modalities and clonogenic survival is complex (Dewey et al., 1995; Held, 1997) because, after ionizing radiation, cells may die by apoptosis as a consequence of mitotic death (Vidair et al., 1996) , as well as non-mitotic death, or by mitotic death without apoptosis (Prise et al., 2005) . Driven by these incognita, we decided to re-examine the contribution of apoptosis and apoptotic caspase activation to g-irradiation-induced death.
Results and discussion
Correlation of radiosensitivity with apoptosis HCT116 cells that lack 14-3-3s expression as a result of homologous recombination of the corresponding gene (HCT116 14-3-3s À/À ) are known to be particularly susceptible to the induction of mitotic catastrophe by DNA damage, including g-irradiation (Chan et al., 1999) . Similarly, Chk2 inhibition can enhance the susceptibility of HCT116 cells to the induction of mitotic catastrophe by doxorubicin (Castedo et al., 2004c) . Mitotic catastrophe has been related to apoptotic cell death (Castedo et al., 2004a) . Accordingly, g-irradiated 14-3-3s À/À cells exhibited an increased percentage of cells that expose phosphatidylserine (PS) residues on the surface (as detectable with an Annexin V-fluorochrome conjugate), as compared to wild-type (WT) control or Chk2 À/À HCT116 cells (Figure 1a and b) . In contrast, Chk2 knockout cells did not manifest an increased susceptibility to the induction of PS exposure in response to g-irradiation (Figure 1b) . Morphological analyses 48 h after g-irradiation cells revealed an enhanced frequency of cells with nuclear apoptosis (that is nuclei with chromatin condensation, Figure 1c ) among 14-3-3s À/À cells as compared to WT or Chk2
À/À cells ( Figure 1d ). Of note, micronucleation ( Figure 1c ) was much more frequent than apoptosis after 4 Gy irradiation ( Figure 1d ). Indeed, the frequency of cells showing Hoechst 33342-detectable chromatin condensation (nuclear apoptosis) was low, between 3 and 6%, 48 h after irradiation ( Figure 1d ). In apparent accord with their enhanced apoptosis susceptibility relative to WT or Chk2 À/À cells, 14-3-3s À/À cells exhibited an enhanced radiosensitivity, as measured by assessing the clonogenic survival 14 days post-irradiation (Figure 2 ). These data suggest that apoptosis, as defined by Annexin V staining or morphological analyses, could be a major mechanism of g-irradiation-induced cell death.
Apoptosis, caspase activation, micro-and multinucleation after g-irradiation One of the near-definitory biochemical hallmarks of apoptosis is caspase activation, in particular activation of caspase-3, the principal effector caspase (Green and Kroemer, 1998; Adams, 2003; Danial and Korsmeyer, 2004) . Reportedly, radio-induced nuclear alterations that announce cell death include apoptosis but also micro-and multinucleation (Bush and McMillan, 1993; Muller et al., 1995; Mariya et al., 1997; Olive and Durand, 1997; Guo et al., 1998; Bulavin et al., 1999) (Figure 3a) . To determine the relationship between caspase activation and nuclear change, we doublestained g-irradiated cells with the chromatin dye Hoechst 33342 and an antibody that recognizes the large subunit of mature, proteolytically active caspase-3 (Casp-3a). We found that a fraction of cells with MN or with multiple nuclei was Casp-3a þ , suggesting a possible contribution of caspase-3 to the ongoing cell death process (Figure 3b and c) . However, most cells with MN or multiple nuclei were Casp-3a À , indicating that these alterations occurred in a caspase-independent manner, before they entered the apoptotic pathway. Accordingly, a significant fraction of g-irradiated, non-apoptotic cells purified in the fluorescence-activated cell sorter (FACS) by gating on the Annexin V ) contained a similar fraction of micronucleated (B10%) and multinucleated cells (o1%) as the Annexin V À PI À cells, although most of these cells (B90%) had a normal nucleus (Figure 4b and c). These data suggest that micro-or multinucleation occurs independently from apoptosis and that micro-or multinucleation are not obligatory precursors of radio-induced apoptosis.
Effective suppression of radio-induced apoptosis by Z-VAD-fmk Time lapse videomicroscopy of g-irradiated cells revealed events of micronucleation (that occur after mitosis, see insets in Figure 5b ), events of apoptotic chromatin condensation that affect micronucleated cells as well as cells with a normal nucleus that fragments before cells lose viability (detectable by means of the vital dye PI) ( Figure 5 ). In these short-term experiments, caspase inhibition with Z-VAD-fmk effectively reduced the cell death occurring shortly (48 h) after g-irradiation ( Figure 5c ). Accordingly, Z-VAD-fmk strongly reduced the frequency of cells undergoing apoptotic DNA fragmentation that manifest a sub-diploid DNA content (as determined by staining of permeabilized cells with the DNA-intercalating fluorochrome PI) in response to g-irradiation ( Figure 6 ). This applies to WT, Chk2 
irrespective of the genotype of the cells that were g-irradiated ( Figure 6d ). As a further proof that caspase inhibition has a significant phenotypic impact on g-irradiation-induced cell death, we found that Z-VAD-fmk increased the percentage of cells containing multiple nuclei (Figure 7a and b) with a consequent polyploid DNA content (>4N, Figure 7c ) induced by g-irradiation, in accord with the previously reported observation that polyploid cells succumb to caspase activation (Ferri et al., 2000; Castedo et al., 2006) . Altogether, these data indicate that apoptosis induced by g-irradiation, as defined by chromatin condensation, DNA loss and Annexin V-positivity, is efficiently inhibited by Z-VAD-fmk.
Failure of caspase inhibitors to confer radioresistance Although Z-VAD-fmk was an efficient inhibitor of g-irradiation-induced apoptosis (Figures 4-6) , it had no statistically significant effect on the frequency of micronucleation, as determined 24-72 h post-irradiation (Figure 8a-c) . As Z-VAD-fmk negatively affected cellular viability when added to cells for 2 weeks (not shown), we tested the long-term effects of two non-toxic caspase inhibitors (N-acetyl-Asp-Glu-Val-Asp-CHO (aldehyde) (Ac-DEVD-CHO), specific for caspase-3 and Ac-Val-Asp-Val-Ala-aldehyde (pseudo acid) (Z-VDVAD-fmk) specific for caspase-2) on the clonogenic survival of g-irradiated cells. None of these inhibitors increased the clonogenic survival of g-irradiated HCT116 WT, 14-3-3s
As the bioavailability and specificity of such chemical inhibitors are uncertain, we stably transfected HCT116 WT cells with a cDNA coding for the Baculovirus-derived p35 inhibitor of apoptosis protein, a proteaceous pancaspase inhibitor (Stennicke et al., 2002) . Control experiments confirmed that p35 strongly inhibited apoptosis induced by cytotoxic agents such as staurosporin, cisplatin and camptothecin (Supplementary Figure 1 ). As true for chemical caspase inhibition (see above), p35 expression reduced the frequency of sub-diploidy induced by g-irradiation (Figure 9a ), inhibited apoptotic chromatin condensation (Figure 9b ), yet had no inhibitory effect on micronucleation (Figure 9b ). These effects were obtained in conditions in which p35 completely inhibited the activation of caspase-3, as detected by immunoblots (Figure 9c ), or by immunofluorescence staining with an antibody recognizing proteolytically mature, Casp-3a (Figure 9d ). In spite of the total inhibition of caspase activation, p35 did not exert any cytoprotective effect when the long-term survival of cells was assessed (Figure 9e ). In conclusion, caspase inhibition fails to suppress micronucleation and has no effect on the clonogenic survival of g-irradiated cells.
Failure of apoptosis inhibition to confer radioresistance HCT116 cells rely on Bax to undergo apoptosis in response to DNA-damaging agents such as cisplatin (Zhang et al., 2000) and oxaliplatin (Gourdier et al., 2004) . As compared to WT control cells, HCT116 Bax KO cells were also relatively resistant (Po0.01) to acute g-irradiation-induced cell death with apoptotic Caspases and radio-induced death P Zhang et al characteristics (PS exposure in Figure 10a and chromatin condensation in Figure 10b ). In fact, Z-VAD-fmk was unable to further reduce PS exposure and nuclear apoptosis in Bax KO cells, although it did inhibit these signs of apoptosis in Bax-proficient control cultures (Figure 10a and b) . g-Irradiated Bax KO cells manifested a normal degree of micronucleation (Figure 10b ) and had no survival advantage over Bax-expressing cells in clonogenic assays (Figure 10c) . Hence, apoptosis inhibition by knockout of the Bax gene was unable to confer radioresistance in this model. Altogether, these data corroborate the idea that apoptosis is not the major mechanism accounting for the loss of the clonogenic survival of g-irradiated cells.
Concluding remarks
Many investigators working in the area of cell death have been convinced that caspase-dependent apoptosis would be the principal cause of cellular mortality, including after ionizing radiation. In contrast, radiobiologists have been emphasizing that radiation can cause cell death through a variety of non-apoptotic mechanisms including mitotic catastrophe, senescence and delayed radio-induced cell death.
Apparently comforting the idea that apoptosis is responsible for cell death, a fraction of g-irradiated cells exposes PS residues on the outer leaflet of the plasma membrane before definitive loss of viability (Figure 1a and b) and manifest apoptotic chromatin condensation (Figure 1c and d) , correlating with radiosensitivity (Figure 1 and 2) . Moreover, a fraction of micro-or multinucleated cells exhibit caspase activation (Figure 3 ) that can be fully suppressed by the addition of Z-VADfmk. However, the data presented in this paper demonstrate that caspases are not required for the clonogenic death of g-irradiated cells, in spite of the fact that caspase inhibitors (Z-VAD-fmk or p35) are highly efficient in suppressing the signs of apoptosis induced by g-irradiation. Caspase inhibitors efficiently abolished apoptotic DNA loss with consequent sub-diploidy (Figures 6a, b and 9a ) and reduced apoptotic blebbing ( Figure 5 ). Caspase inhibitors also reduced the exposure of PS residues on the cell surface (Figures 4a and 6d ) and retarded the loss of viability (Figures 4a, 5 and 6d ) induced by g-irradiation. The inhibitory effect of Z-VAD-fmk (Figures 4-8 ) or p35 ( Figure 9 and data not shown) on sub-diploidy was much more pronounced than that on PS exposure. We do not believe that this differential inhibitory effect would be owing to differential requirement of fractional inhibition (Methot et al., 2004) , because caspase inhibition by Z-VAD-fmk or p35 was complete (Figures 6c, 9c and d) . Rather, we prefer the hypothesis that PS is less stringently coupled to caspase activation than DNA fragmentation associated with sub-diploidy (Hirsch et al., 1997) . Indeed, the frequency of cells that manifested PS exposure was consistently higher than that manifesting nuclear chromatin condensation. However, nuclear chromatin condensation was only found among those cells that exhibited PS exposure (not shown), suggesting that the loss of the plasma membrane asymmetry occurs upstream (and in a partially caspase-independent manner) from nuclear pyknosis (which is strongly caspase-dependent).
In spite of the manifest antiapoptotic effect, caspase inhibition was unable to confer a long-term radioprotective effect, as assessed in clonogenic survival assays (Figures 8d-f mortality of 14-3-3s À/À cells (that is thought to involve mitotic catastrophe linked to elevated caspase activation) is not counteracted by caspase inhibitors (Figure 8e ). As true for the addition of caspase inhibitors, removal of Bax from the system reduced the radio-induced apoptosis, yet did not improve the clonogenic survival of g-irradiated cells (Figure 10) .
If caspases and Bax are not required for clonogenic death induced by g-irradiation, what is then the mechanism of cellular demise? One appealing possibility would be that micronucleation resulting from deficient mitoses and multinucleation resulting from failed mitoses would constitute cellular alterations that are incompatible with long-term survival and that would induce apoptosis as a default pathway, although apoptosis would be not required for the permanent cell cycle arrest or disappearance of such cells. Micro-and multi-nucleated cells were found in the non-apoptotic (Annexin V À ) fraction (Figure 4) , and their generation was not inhibited by Z-VAD-fmk. Indeed, Z-VAD-fmk, p35 expression and the Bax KO had no effect on the frequency of micronucleated cells induced by g-irradiation (Figures 8a-c, 9b and 10b) . Z-VAD-fmk (and to a lesser extent p35) increased the frequency of g-irradiationinduced polyploid cells (Figures 7 and 9b) . However, if such cells constituted 'condemned' end products that would be unable to proliferate, they would be detected as dead in assays measuring clonogenic survival. As a possibility, the majority of cells with MN or several nuclei may activate a delayed DNA damage response and/or enter permanent mitotic arrest owing to the intrinsic difficulty to distribute MN and polyploidy genomes between daughter cells. From the data shown here, it appears that the knockout of 14-3-3s does increase the radiosensitivity of cells (Figure 2 ), correlating with a tendency to demonstrate more multinucleation (Figure 7b ) but not micronucleation (Figure 1d) . However, the knockout of Chk2, which did not increase the radiosensitivity of cells (Figure 2) , did increase multinucleation as compared to WT cells ( Figure 7b) . As a result, the relationship between the loss of the clonogenic survival and multinucleation is not linear and requires further investigation.
As a caveat, the data presented here inform about the probability of clonogenic survival after radiation, at the level of cellular populations, but yields little information on the fate of individual cells. The clonogenic assay employed here does not only measure cell death as such but will score cells as 'dead' that have been permanently arrested in the cell cycle (and hence entered senescence) or are incapable of generating daughter cells at a pace that is superior to the less of parental cells. Thus, we have no information on relatively rare events in which individual cells or clones 'escape' g-irradiation, a phenomenon that would be linked to genomic instability (Zhivotovsky and Kroemer, 2004) and to the acquisition of new cellular properties including disabled apoptosis and/or permanently increased radioresistance.
Irrespectively of the mechanisms of apoptosis-independent death stimulated by g-irradiation, the present data clearly demonstrate that caspase activation and apoptosis is a consequence of g-irradiation. However, caspase activation and caspase-dependent apoptosis are dispensable for radiation-induced cancer therapy. 2003). Cells were grown in McCoy's 5a medium (Eurobio, Les Ulis, France) supplemented with 10% fetal bovine serum (ATGC, Cergy-Pontoise, France), 1% PS (Gibco, Worcester, USA), 1% L-glutamine (Eurobio), 1 mM sodium pyruvate (Gibco) and 10 mM N-2-hydroxyethylpiperazine-N 0 -2-ethanesulfonic acid (Sigma, Saint Louis, USA), in humidified atmosphere containing 5% CO 2 at 371C (Castedo et al., 2004b, c) . To generate p35 clones, the HCT116 parental cells were transfected with a vector encoding p35 (Stennicke et al., 2002; Date et al., 2003) , selected with geneticin (0.5 mg/ml, Invitrogen, Cergy-Pontoise, France) and subcloned by limiting dilution. As control, HCT116 parental cells clones were transfected with a pCMV vector (Sigma) that confers resistance to geneticin. RKO colon cancer cells transfected with a histone H2B-green fluorescent protein (GFP) fusion construct (Castedo et al., 2006) were cultured in the same 
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Sham control and 4 Gy-irradiated cells with/without drug exposure were harvested by trypsinization at the indicated time after irradiation, washed with ice-cold phosphate-buffered saline, fixed in 70% ethanol and stored at À201C. Before DNA analysis, DNA content was labeled with 0.1 mg/ml PI and 1 mg/ ml RNAse. Cell cycle analysis was performed by flow cytometry analysis (FACS Calibur, BD Biosciences, San Jose, USA).
Immuno(cyto)chemistry, detection of MN test and videomicroscopy Cells fixed with 4% paraformaldehyde (Sigma) were stained for the detection of Casp-3a (rAb, Cell Signaling Technology, Danvers, USA), revealed with a goat anti-rabbit immunoglobulin (Ig)G conjugated to Alexa 568 (red) fluorochrome (Molecular Probes, Eugene, USA) (Perfettini et al., 2005) . Cells were counterstained for b-tubulin (monoclonal antibody, Sigma), revealed by an anti-mouse IgG Alexa 488 conjugate. The same antibodies were used for the immunoblot detection of Casp-3a and b-tubulin, after 12% sodium dodecyl sulfate-polyacrlamide gel electrophoresis of cell extracts (50 mg protein/lane) using the NuPage kit from Invitrogen. For fluorescence microscopy, nuclei were stained with Hoechst 33342 (1 mg/ml, Molecular Probes) . MN and multinuclei were checked by fluorescence microscopy and morphologically classified according to standard criteria (Albertini et al., 2000) . More than 200 cells were scored for each data point in at least three separate experiments. RKO cells expressing GFP were cultured in the 35 mm glass bottom culture dishes (MatTek Corporation, Ashland, USA), maintained at a constant temperature of 371C and an atmosphere with 5% CO 2 , and were subjected to pulsed observations between 38 to 49 h after irradiation using an LSM 510 laserscanning confocal microscope (Zeiss, Oberkochen, Germany). PI (100 ng/ml) was added in the cell culture medium for staining dead cells during confocal scanning.
Annexin V staining and FACS purification of selected cell populations Cells were collected by centrifugation and resuspended in 500 ml Annexin labeling solution consisting of 5 ml Annexin V Alexa 646 (Molecular Probes) and incubated in the dark for 15 min (Castedo et al., 1996) . PI (100 ng/ml) was then added to the cell suspension, followed by cytofluorometric analysis or purification of selected populations on a FACS Vantage SE HCT116 cells proficient or deficient for Bax were irradiated and subjected to three types of assay, namely the measurement of PS exposure in (a) (quantified as in Figure 1b) , the quantification of cells with MN or apoptotic nuclei in (b) (measured as in Figure 1d ) and the clonogenic survival assay in (c).
(BD Biosciences). Different populations were allowed to adhere on polylysine-coated slides (O Kindler GmbH, Freiburg, Germany) and stained with Hoechst 33342 after fixation with 4% paraformaldehyde.
Clonogenic survival assays Cells were seeded in duplicate or triplicate into six-well plates in a range of 80-80 000 cells/well according to the test condition and different cell lines. A single dose of g-irradiation with/without the drugs was applied, once cells were attached. Cells were cultured up to 14 days. Colonies were fixed and stained with crystal violet. All colonies of 50 cells or more were then counted. The survival fraction (SF) was estimated according to the formula: SF ¼ number of colonies formed/ number of cells seeded Â plating efficiency of the control group.
Statistical analyses
Statistical analyses were performed on the means of the data obtained from at least three independent experiments. All results are presented as arithmetic means7s.e.m. Significance was assessed by using the one-way analysis of variance, Student-Newman-Keuls test at Po0.05.
Abbreviations
Casp-3a, activated caspase-3; FACS, fluorescence-activated cell sorter; GFP, green fluorescent protein; MN, micronuclei; PI, propidium iodide; PS, phosphatidylserine; STS, staurosporine.
